Aim: Phytosterolemia is an inherited disorder characterized by hypercholesterolemia and premature atherosclerosis, together with increased inflammatory states in some cases. The underlying mechanisms of atherogenesis in phytosterolemia, however, have not been completely elucidated. In this study, we investigated whether phytosterols would affect inflammatory reactions in macrophages and macrophage cell lines.
Introduction
Phytosterols or plant sterols, which are not synthesized in mammals, are noncholesterol sterols which are found in vegetable oils, fruits and nuts. Although Program (NCEP) Adult Treatment Panel (ATP) guideline recommends consumption of food containing plant sterols; however, some recent studies have shown the positive correlation of plasma plant sterol levels with atherosclerotic diseases [1] [2] [3] , raising controversy regarding the role of plant sterols in atherosclerosis.
Phytosterolemia or sitosterolemia, characterized by elevated plasma levels of plant sterols, is a rare autosomal recessive disease which is caused by mutations in either of the 2 sterolins, sterolin-1 and sterolin-2 [4] [5] [6] [7] . The major clinical manifestations of phytosterolemia are tendon and tuberous xanthomas and premature atherosclerotic diseases [7] [8] [9] [10] , and several lipid-lowering agents have been proven to be effective in amelioration of the lipid profile of phytosterolemia [11] [12] [13] . In spite of the clear association of phytosterolemia and atherosclerotic diseases, the underlying mechanisms leading to atherogenesis have not been elucidated. One possible mechanism proposed is the increased plasma levels of plant sterols in phytosterolemia, leading to the accumulation of plant sterols in atherosclerotic lesions. The autopsy of patients with phytosterolemia revealed that the proportion of plant sterols and cholesterol in atherosclerotic lesions was almost the same as that found in plasma LDL particles 14, 15) , leading to the speculation that plant sterols might be more proatherogenic than cholesterol. Another proposal is elevated cholesterol levels in phytosterolemia 9) ; however, phytosterolemia patients whose plasma cholesterol levels are not elevated have been reported to suffer from atherosclerotic diseases.
In addition to atherosclerotic diseases, some phytosterolemia patients have been reported to present with arthralgia, elevated CRP levels and accelerated erythrocyte sedimentation rates, suggesting an activated inflammatory state in these patients. Inflammation is thought to be related to atherosclerosis 16) , and increased plasma levels of inflammatory cytokines have been demonstrated to be related to atherosclerosis 17, 18) . The increase in cellular free cholesterol content in macrophages with the inhibition of acyl-CoA cholesterol acyl transferase (ACAT) led to the enhanced secretion of IL-6 and TNF- 19) , and phytosterols have been known to be a less potent substrate for ACAT [20] [21] [22] . In addition, recent studies have proposed the importance of endoplasmic reticulum (ER) stress in the induction of inflammatory cytokines in macrophages 23) , and loading of cholesterol to macrophages not only augmented ER stress 24) but also provoked cytotoxicity 25) ; however, the effects of plant sterols on macrophages have never been examined. In this study, we hypothesized that phytosterols might aggravate inflammatory responses in macrophages, and examined whether phytosterols would induce macrophages to secrete proinflammatory cytokines more extensively than cholesterol.
Materials and Methods

Sterol Preparations
Sitosterol, campesterol (Tama Biochemical Co., Tokyo, Japan) and cholesterol (Wako Pure Chemical Industries, Osaka, Japan) were dissolved in 100 mM hydroxyl-propyl-cyclodextrin (CD) (Wako Pure Chemical Industries) solution at the concentration of 1600 M, and stored at 4 . Each sterol was added to the medium to make the final concentration used in each experiment, and the concentration of CD was adjusted to 10 mM for all experiments by adding CD solution to the medium.
Culture of RAW 264.7 Cells and Mouse Peritoneal Macrophages
RAW 264.7 cells were seeded in DMEM (Sigma-Aldrich Co., St. Louis, MO) containing 10% fetal bovine serum (FBS; Gibco BRL, Eggstein, Germany) and 1% penicillin/streptomycin (Gibco). The next day, the media were replaced with DMEM supplemented with each sterol. The cells were incubated for two more days, and the media were exchanged for FBS-free DMEM containing each sterol. In experiments for the analysis of the secretions of IL-6 and TNF-, lipopolysaccharide (LPS; Wako Pure Chemial Industries) was added at the final concentration of 100 ng/mL.
For the preparation of mouse peritoneal macrophages (MPMs), thioglycolate was injected into the peritoneal space of C57BL6J mice 4 days prior to the harvest of the cells from mice. MPMs were collected with PBS and seeded on 24-well plates with DMEM, and two hours later, the dishes were washed three times with PBS to remove non-adherent cells, and then cultured in DMEM with FBS. Thereafter, they were cultured and treated in the same manner as RAW 264.7 cells.
Measurement of IL-6, TNF-, Cellular Proteins and Sterols
The levels of IL-6 and TNF-in the harvested media were measured with ELISA kits (Funakoshi Tokyo, Japan). After harvesting the media, the cells were washed with PBS twice, and were divided into two portions. One portion of the cells was dissolved in Triton Lysis Buffer (50 mM Tris, 80 mM NaCl, 2 mM CaCl2, 1% Triton X-100, 1 mM PMSF, pH 8.0, protease inhibitor cocktail (Sigma)), and the protein levels of the cell lysates were measured with Lowry methods (BioRad, Hercules, CA.) according to the manufacturer's protocol. The other portion of the cells was used for the measurement of their sterol component. Following the extraction of lipids with methanol and chloroform and redissolution in 2-propanol containing 10% TritonX-100, their total sterol and free sterol contents were measured using the enzymatic method (Wako Pure Chemical Industries). The values of esterified sterol were calculated by subtracting free sterol values from total sterol values and then multiplying by 1.67. From preliminary experiments, we confirmed that sitosterol and campesterol levels as well as cholesterol levels were measurable using this method.
Analysis of the Sterol Components of RAW Cells and Mouse Peritoneal Macrophages
The cellular sterol components were analyzed with high performance liquid chromatography (HPLC) following the method described previously 26, 27) . Briefly, after washing the cells with PBS twice, cells were homogenized in 0.1M acetic acid, and their lipid components were extracted with methanol and chloroform. After the addition of 10 g 5 -cholestan-3 -ol as an internal standard, samples were saponificated at 80 for one hour in 1 M ethanolic hydrolyzed potassium. The saponificated samples were extracted with hexane, evaporated under nitrogen gas, and redissolved in benzoyl chloride. After the addition of 1, 2-dichloroethane, the organic phase was collected, evaporated, dissolved in acetonitrile, and then analyzed on an SBC-ODS column (SIMAZU GLC, Tokyo, Japan) utilizing acetonitrile:ddw:acetic acid 97:3:0.2 as a solvent. The proportions of cholesterol, campesterol, and sitosterol were measured.
Analysis of X-Box Binding Protein-1 (XBP-1) Splicing
Total RNA of RAW 264.7 cells and MPMs, incubated with each sterol (160 M) and treated with LPS, was purified with the GenElute mammalian total RNA miniprep kit (Sigma-Aldrich) and subjected to reverse transcription with Superscript enzyme (Invitrogen Co. Carlsbad, CA). Following the PCR amplification of XBP-1 cDNA, which included the region where ER stress induced the processing of mRNA, PCR products were digested with PstI 28) and analyzed with electrophoresis on a 2% agarose gel. The processing of XBP-1 mRNA with ER stress resulted in elimination of the PstI cutting site; thus, the PCR products from processed mRNA formed high molecular bands on electrophoresis.
BrdU Cell Proliferation Assay
RAW 264.7 cells were cultured at 0.2 10 4 /mL in a 96-well plate in a volume of 100 L. After incubation for 24 hours, the medium was replaced with medium containing each sterol, and the cells were cultured for another 48 hours. Six hours after the addition of 5-bromo-2'-deoxyuridine (BrdU), their cell proliferation rates were measured by means of a colorimetric BrdU cell proliferation ELISA test (Roche, Mannheim, Germany).
Statistical Analysis
The results are expressed as the mean SD. Statistical analysis of difference was evaluated by one-way ANOVA followed by multiple comparison tests using the Bonferroni correction, and a p 0.05 was deemed significant.
Results
Sitosterol and Campesterol were Internalized in RAW 264.7 Cells and MPMs
In order to confirm the efficiency of cyclodextrin-mediated sterol delivery to the cells, we examined the effect on cellular sterol compositions of RAW 264.7 cells and MPMs treated with sterols dissolved in cyclodextrin. Representative HPLC profiles are shown in In RAW 264.7 cells, incubation with 160 M sitosterol or campesterol resulted in accumulation of the delivered sterol, constituting as much as 45.2 0.72% and 64.0 0.97%, respectively, of total cellular sterols; as for MPMs, the proportion of sitosterol and campesterol reached as high as 63.5 2.31% and 81.0 1.31% of total sterols. At the concentration of 8 M, a small amount of sitosterol was found in RAW cells (1.8 0.12%); campesterol, whose elution time on HPLC was close to that of the internal standard, was too trace to be identified unequivocally (not indicated in Figure) . In cells cultured with cholesterol or cyclodextrin alone, neither sitosterol nor campesterol was detected. Consequently, we were able to confirm that CD-mediated sterol delivery to cultured cells was efficient both in RAW 264.7 cells and MPMs.
Contents and Proportions of Free Sterol and Esterified Sterol in Cells Treated with Sterols
Previous studies suggested that phytosterols were less potent substrates for ACAT than cholesterol [20] [21] [22] ; thus, we analyzed free and esterified cholesterol contents in RAW 264.7 cells and MPMs treated with each sterol. In RAW cells, treatment with campesterol and cholesterol significantly increased free sterol contents, and cholesterol treatment also increased esterified cholesterol contents ( Fig. 2A) . Cholesterol treatment significantly decreased the ratio of free sterol to total sterol in RAW 264.7 cells, but this ratio remained unchanged when treated with either sitosterol or campesterol (Fig. 2B) . In MPMs, which were different from RAW 264.7 cells in that they were quiescent, incubation with not only cholesterol but also sitosterol resulted in the increase of cellular free and esterified sterols ( Fig. 2C) . Incubation with campesterol resulted in a significant increase in free sterol and a non-significant increase in esterified sterol. The ratio of free sterol to total sterol decreased only in cells treated with cholesterol ( Fig. 2D) . These results indicated that phytosterols delivered to cells were less esterified than cholesterol in both RAW 264.7 cells and MPMs.
Effect of Each Sterol on Cytokine Secretion from RAW 264.7 Cells and MPMs
RAW 264.7 cells cultured in DMEM containing only cyclodextrin or different concentrations (8 M, 16 M or 160 M) of sitosterol, campesterol or cholesterol, were stimulated with LPS, and the amount of IL-6 and TNF-secreted in the media was measured, followed by adjustment with total cellular protein values ( Fig. 3A, B) . At the concentration of 160 M, cholesterol enhanced TNF-secretion significantly compared to the other groups. Campesterol at 160 M did increase IL-6 secretion; however, the difference in the extent of the increment of IL-6 among sterols was not as pronounced as that observed in TNF-. At lower concentrations (8 M and 16 M) of sterols, no significant difference was observed in cytokine secretion among the sterols.
Mouse peritoneal macrophages were cultured in DMEM containing only CD, or 8 M or 160 M of each sterol, and cytokine secretion was assessed in the same manner as RAW 264.7 cells (Fig. 3C, D) . Campesterol and cholesterol substantially increased the secretion of both IL-6 and TNF-at the concentration of 160 M, and the extent of increased IL-6 secretion was more prominent in cholesterol than in campesterol. Sitosterol at 160 M had no effect on IL-6 secretion, and tended to increase TNF-secretion. At a lower concentration of 8 M, none of the sterols examined had an effect on IL-6 secretion; how- ever, cholesterol tended to increase the secretion of TNF-.
Effects on Cytokine Secretion from RAW 264.7 Cells and MPMs with Plant Sterols Added Together with Cholesterol
From the results obtained above, phytosterols, and especially sitosterol, would be less effective than cholesterol in enhancing cytokine secretion from macrophages; thus, we next investigated whether cholesterol and plant sterols would demonstrate a synergistic effect. As shown in Fig. 4 , incubation of RAW 264.7 cells and MPMs with 80 M cholesterol supplemented with 80 M campesterol resulted in enhanced secretion of IL-6 and TNF-compared to that with 80 M cholesterol alone; however, these increases did not reach the levels observed with 160 M cholesterol. Incubation with 80 M cholesterol together with 80 M sitosterol did not result in a significant increase of these cytokines compared with 80 M cholesterol alone. These results indicated an additive but not a synergic effect between cholesterol and phytosterol.
We also investigated the effects of the addition of plant sterols to cholesterol on the contents and proportions of free sterol and esterified sterol in the cells. As shown in Fig. 5 , the effects on the sterol contents by incubation with 80 M cholesterol together with 80 M sitosterol or campesterol were concordant with the results in Fig. 2 . In RAW 264.7 cells, the addition of 80 M sitosterol to 80 M cholesterol did not increase the sterol contents significantly compared to 80 M cholesterol alone; 80 M campesterol added to 80 M cholesterol increased the sterol contents compared to 80 M cholesterol alone, but the levels in the increase of esterified sterol were significantly less than those observed with 160 M cholesterol. In MPMs, the addition of each plant sterol to 80 M cholesterol increased free sterol and esterified sterol only with the exception of campesterol on esterified sterol. Thus, it was also demonstrated that there was an addictive but not a synergic effect on the sterol contents between cholesterol and phytosterol.
Effect of Each Sterol on Endoplasmic Reticulum Stress
Recent studies have proposed that cholesterol loading into macrophages provoked ER stress, thereby up-regulating inflammatory cytokines. Thus, we next investigated the different effect of each sterol (160 M) on ER stress in RAW 264.7 cells and MPMs. As shown in Fig. 6A and B , the ratio of the unspliced form to the spliced form of XBP-1 mRNA was lowest with Chol among the three sterols in both cells, indicating that incubation with cholesterol induced ER stress most among these sterols. In addition, notable findings were observed with the effect of sitosterol on ER stress in MPMs; 160 M sitosterol decreased XBP-1 splicing even compared with CD, and incubation with 80 M sitosterol together with 80 M cholesterol attenuated XBP-1 splicing compared with incubation with 80 M cholesterol alone. These results indicated that sitosterol might play a role in protecting MPMs from ER stress.
Differential Effect of Each Sterol on Cell Growth in RAW 264.7 Cells
We next investigated the effect of each sterol on cell proliferation utilizing the BrdU cell proliferation assay. Treatment of RAW 264.7 cells with 160 M cholesterol significantly retarded the uptake of BrdU by 28%, while that with 160 M sitosterol accelerated the uptake by 34% (Fig. 6C) . Treatment with 80 M cholesterol alone or together with 80 M plant sterols did not significantly affect the uptake of BrdU; however, the addition of 80 M sitosterol to 80 M cholesterol tended to reverse the retarded uptake induced by 80 M cholesterol. This differential effect on cell proliferation among sterols was not observed in cells treated with 8 M sterols (data not shown).
Discussion
Macrophages play an important role in the development of atherosclerosis; atherogenic lipoproteins transform macrophages into foam cells which subsequently secrete inflammatory cytokines together with chemokines 29) . Phytosterolemia, an inherited disease characterized by increased plasma levels of phytosterols, is also characterized by premature atherosclerosis 8, 9) , and recent clinical observations have suggested a positive correlation between plasma phytosterol levels and the incidence of atherosclerotic diseases [1] [2] [3] ; however, the direct effects of plant sterols on macrophages have never been examined. Sitosterol and campesterol are the most abundant plant sterols found in plasma 30) ; thus, by utilizing sitosterol and campesterol at concentrations equivalent to the plasma concentrations found in normal human subjects (8 M or 16 M) as well as phytosterolemia patients (160 M), we examined whether plant sterols would induce macrophages to secrete proinflammatory cytokines. In order to compare the genuine properties of these plant sterols with cholesterol, we utilized cholesterol at the same concentrations as were used for plant sterols, although it is known that there is a great difference in plasma concentrations among these sterols, even in phytosterol-emia patients. Treatment of RAW 264.7 cells and MPMs with sitosterol, campesterol and cholesterol utilizing CD as a vehicle led to the accumulation of these sterols in cells. In addition, analysis of the composition of cellular sterols revealed that the ratios of free sterol to total sterol were higher in cells treated with phytosterols than in cells treated with cholesterol; this finding is consistent with the previous observation that phytosterols were less potent substrates for ACAT [20] [21] [22] . Interestingly, the degree of difference in the potency of the accumulation of sterol among sterols was more prominent in RAW 264.7 cells than in MPMs; cholesterol treatment of RAW 264.7 cells resulted in the marked accumulation of esterified sterol. We speculate that this phenomenon was not only due to the efficient esterification of cholesterol, but was also ascribed to the less potency of cell proliferation with cholesterol. Cholesterol treatment of RAW 264.7 cells resulted in the retardation of cell proliferation, resulting in the marked accumulation of esterified cholesterol. However, contrary not only to previous reports that the accumulation of free sterol or cholesterol aggravated inflammatory response 19) but also to our hypothesis, mouse peritoneal macrophages treated with sitosterol or campesterol, which accumulated a higher proportion of free sterol compared to cholesteroltreated cells, secreted fewer inflammatory cytokines than macrophages treated with cholesterol. Even in RAW 264.7 cells, which differed from mouse peritoneal macrophages in that they did proliferate, treatment with these phytosterols resulted in reduced secretion of TNF-. We observed that campesterol at high concentration significantly increased IL-6 secretion from RAW264.7 cells; however, the degree of increase in IL-6 with campesterol was only 2.5 times greater than that found in control cells treated with cyclodextrin alone. Thus, on the whole, inflammatory reactions in macrophages induced by phytosterols were lower than those induced by cholesterol.
In addition, concordant with these findings of the differential effects on the induction of inflammatory cytokines, we observed differential effects on the augmentation of ER stress in RAW 264.7 cells and MPMs among the sterols. Furthermore, treatment of MPMs with sitosterol resulted in the amelioration of ER stress. Augmentation of ER stress in macrophages has been proposed to be a crucial mechanism for the induction of inflammatory responses in macrophages 23) . It is probable that a slight but distinct difference in the chemical structure between cholesterol and plant sterol leads to a difference in the plasticity of cell and ER membranes, resulting in differential effects on the augmentation of ER stress and induction of inflammatory states.
Because PKC/MAPK pathways are other pathways which have been proposed to be responsible for the induction of inflammatory cytokines 19, 31) , we analyzed the phosphorylation of ERK and p38 in cells treated with each sterol (160 M); however, in this study, no significant difference was observed in the phosphorylation of ERK among sterols; only in MPMs treated with cholesterol could we observe the enhanced phosphorylation of p38 (data not shown). We speculate that the difference in the activation of p38 among the sterols in MPMs might explain the marked difference in cytokine secretion from MPMs; however, on the whole, PKC/MAPK pathways did not contribute much to the modulation of cytokine secretions in this study.
These results suggest that the accumulation of phytosterols in macrophages is not the primary cause of atherogenesis and increased inflammatory states found in phytosterolemia patients. One possible explanation for the inflammatory states in phytosterolemia is that phytosterols accumulating in other organs such as the liver or adipose tissue might induce an inflammatory reaction in vivo, considering that phytosterols are known to accumulate in almost all tissues except for the brain 14) . Another possible explanation is the effect of plant sterols on lymphocytes. As reported previously 32) , sitosterol has been shown to increase the secretion of IL-2 and IFN-from Th1 lymphocytes. Thus, it is plausible that the increased secretion of IL-2 and IFN-from lymphocytes activates monocyte-macrophages, inducing increased inflammatory states and atherogenesis in phytosterolemia. Further studies are needed to clarify these hypotheses.
The other interesting finding observed in this study is the differential effect on the proliferation of RAW 264.7 cells among the sterols examined; at high sterol concentrations, cholesterol retarded cell proliferation, while sitosterol accelerated it and campesterol had no effect. As was reported previously 25) , ER stress affects the viability of macrophages; thus, the differential effect on ER stress among each sterol observed in this study resulted in the differential effect on cell proliferation. The accelerated proliferation caused by sitosterol should be noted, considering that ER stress was also enhanced in RAW 264.7 cells with sitosterol treatment, and free sterol, which is thought to be cytotoxic, accumulated more efficiently than esterified sterol with sitosterol. This observation indicates that sitosterol might possess a cell-proliferating or cell-protecting property which overcomes ER stress and the proposed cytotoxic effect of free sterol accumulation. A previous study which analyzed differential effects among different sterols on cholesterol homeostasis in adrenal cell line Y1-BS1 cells has shown that sitosterol had less potency in the processing of SREBP-2 than cholesterol, leading to less potent suppression of HMG-CoA reductase in these cells 33) ; thus it is probable that a slight but distinct difference in the chemical structure among sterols leads to a difference in the plasticity of cell membranes, causing differential effects on cell proliferation or viability. Future studies are awaited to clarify this mechanism.
A limitation of this study was that we utilized cyclodextrin as a vehicle to deliver sterols to the cells. Cyclodextrin-mediated sterol delivery to cells is known to be a precise and reproducible method for modulating the sterol content of tissue culture cells 34) , and is now widely used for in vitro experiments; however, macrophages in vivo take up sterols mainly from oxidized LDL by scavenger receptors, and it is probable that cyclodextrin-mediated sterol delivery induces different effects on macrophages compared with the sterol loaded through the uptake of oxidized LDL. Further studies are needed to clarify this possibility.
Conclusion
In summary, the effect of phytosterols on macrophages was distinct from that of cholesterol in cytokine release and cell proliferation; the increased secretion of cytokines from macrophages with phytosterols was less than that observed with cholesterol, and phytosterols did not retard cell proliferation as did cholesterol in macrophage-derived cell lines.
